Experiments were conducted to determine the effects of different types of paddy rice (dehulled, crushed and untreated whole-grain forms) on growth performance in broiler chickens. In Experiment 1, a control diet containing 41.6% corn (control), and three experimental diets containing 40.7% dehulled, 43% crushed or 43% whole-grain paddy rice, were formulated to be iso-caloric (3,100 kcal/kg ME) and iso-nitrogenous (20% crude protein), but to contain different levels of fat (6%, 5.6%, 10.7%, 10.7%, respectively). Groups of 0-day-old chickens were the fed experimental diets ad libitum for 28 d. The average final body weight of groups fed the crushed and untreated wholegrain paddy rice was significantly lower (P＜0.05) than that of the control group, but that of dehulled rice-fed group was slightly higher than the control group. This finding implies that the growth retardation seen with crushed or untreated whole rice could be caused by the feed intake-reduction due to the fat addition to the experimental diets. In Experiment 2, the control diet containing corn and the experimental diets containing dehulled and untreated wholegrain paddy rice were formulated to contain similar levels of fat (5.6-6%) and to be iso-nitrogenous (20%), but not to be iso-caloric. As a result, the average body weight gain of the whole-grain rice-fed chickens showed a considerable increase compared with the control diet-fed chickens even though the energy content of the former diet was only about 90% that of the control diet. It is concluded that whole-grain paddy rice could serve as a valuable constituent of broiler chicken feed, but that excess fat in the diet to maintain the ME content (3,100 kcal/g) could have a negative effect on growth performance.
Introduction
Many types of grain have been proposed as substitutes for corn in broiler chicken diets, thereby serving as alternative sources of dietary carbohydrates. For example, substituting corn for wheat, barley and rye in broiler diets was shown to depress body weight gain and the feed conversion ratio (Lázaro et al., 2003) , while pearl millet in broiler diets can improve production responses without causing any adverse effects on nutrient digestibility or bird health (Baurhoo et al., 2011) . Several reports have proposed the use of rice in animal feed: Compared to corn, the feed conversion ratio for crushed polished rice in the diet of 1 to 21 d-old broiler chickens was improved by 3.6%, but body weight gain and average daily feed intake remained similar (González-Alvarado et al., 2007) . Hijikuro and Takemasa (1981) on the other hand showed that, from 6 to 8 weeks of age, growth in chickens was not significantly different between chickens fed whole-grain paddy rice and milo grain.
More recently, a few reports have been published concerning the use of paddy rice developed exclusively for animal feed. Sittiya et al. (2011) determined the chemical composition, digestibility of crude fiber (CF), gross energy (GE), and metabolizable energy (ME) of the untreated whole form of Momiroman paddy rice. The GE content of the dehulled form of this rice (3.77 kcal/g) was close to that of corn, while the apparent and true ME values (2.79 and 3.02 kcal/g, respectively) were lower than those of corn. Moreover, Honda et al. (2011) focused on the amino digestibility of rice in the gastrointestinal tract of layer chickens, and showed that the true digestibilities of most amino acids in rice feed containing 92.7% hulled rice (CP 7.3%, ME 3.5 kcal/g) were higher than those of a corn diet containing 47.4% yellow corn (CP 16.7%, ME 3.1 kcal/g).
The influence of a whole-grain paddy rice-based diet on the growth performance of broiler chickens at a very early
stage is yet to be described. The objectives of this study therefore were to investigate the effects of different types of paddy rice, such as dehulled, crushed and untreated wholegrain forms, on body weight gain and feed intake of 0 to 28 d broiler chickens. To this end, we conducted two experiments: In Experiment 1, a control diet containing corn (control), and three experimental diets containing dehulled, crushed and untreated whole-grain paddy rice were formulated to be iso-caloric and iso-nitrogenous, but to contain different levels of fat; the effects of these grains on body weight gain and feed intake were studied. In Experiment 2, the control diet and the two diets containing the dehulled and untreated whole-grain rice forms were formulated to contain similar levels of fat and to be iso-nitrogenous, but not isocaloric, and their effects on body weight gain and feed intake were also studied. The results provided evidences that whole-grain paddy rice could serve as a valuable constituent of broiler chicken feed, but that excess fat in the diet to maintain the ME content could have a negative effect on growth performance.
Materials and Methods

Experimental Diet
The control diet was a practical corn-based diet formulated to contain all nutrients to fulfill or exceed the nutritional requirements of broiler chickens (Standard Tables of Feed  Composition , Japan, 2004) . The dietary compositions used in Experiments 1 and 2 are shown in Tables 1. In Experiment 1, a control diet containing 41.6% corn (control), and three experimental diets containing 40.7% dehulled, 43% crushed, and 43% untreated whole-grain paddy rice, respectively, were formulated to be iso-caloric (3,100 kcal/kg ME) and iso-nitrogenous (20% crude protein), but to contain different levels of fat (6%, 6%, 10.7%, 10.7%, respectively).
In Experiment 2, the control diet and the two experimental diets described above containing dehulled and untreated whole-grain paddy rice were formulated to contain a similar level of fat (5.6-6%) and to be iso-nitrogenous (20%), but not iso-caloric.
Animals and Experimental Design
Meat-type male chickens (ROSS strain) were obtained from a commercial hatchery (Economic Federation of Agricultural Cooperatives hatchery, Miyagi, Japan) at 0 d of age. Eighty chicks were randomly divided into four groups for Experiment 1 and three groups for Experiment 2. Chickens were housed in groups in electrically-heated batteries under continuous light for 11 days and provided with ad libitum access to water and to the assigned control or experimental diet. At 11 days of age, six representative chickens from each group were moved to individual cages. The body weight and feed intake of each chicken were recorded during the period from 11 d to 28 d. At the end of the experiment, all chickens were sacrificed by exsanguination and dissected. The pectoralis superficialis muscle, thigh (including born), liver, heart, gizzard, proventriculus and abdominal fat were immediately weighed. Within one minute, the pectoralis superficialis, iliotibialis lateralis muscle and liver samples were frozen and powdered in liquid nitrogen and stored at −80℃ until measurements were carried out. All experiments were performed in accordance with institutional guidelines concerning animal use, and every effort was made to minimize pain or discomfort to the animals.
Meat Color
The color of pectoralis superficialis and iliotibialis lateralis muscle were determined using a Minolta reflectance colorimeter (Minolta Chroma Meter CR-200 b, Minolta, Japan) and reported according to the CIE system values of lightness (L*), redness (a*) and yellowness (b*). Color val- 
Determination of Muscle MDA
Lipid peroxidation of muscles was monitored colorimetrically using the 2-thiobarbituric acid reactive substance (TBARS) assay as described previously (Mujahid et al., 2007) . In brief, tissues were homogenized in ice-cold buffer (1.15% KCl) and the homogenate were collected. 800 μL of tissue homogenate were mixed with 200 μL of 8.1% SDS, 1.5 mL of 20% acetic acid (pH 3.5), 50 μL of 0.8% butylhydroxyl toluene, and 1.5 mL of 0.8% 2-thiobarbituric acid. After vortexing, samples were incubated on ice for 60 min and then heated at 95℃ for 60 min in a water bath. After cooling, 1 mL of H 2 O, 5 mL of a mixture of n-butanol and pyridine (15:1, v/v) were added and the samples were mixed by vortexing. After centrifugation at 1,000 g for 10 min, the organic layer was extracted and read spectrophotometrically at 532 nm. The TBARS content was expressed as nmol of malondialdehyde (MDA) per equivalent g of wet tissue. Samples were analyzed within 1 week of storage at −80℃.
Statistical Analysis
Data were analyzed using the Statistical Analysis System (SAS, 1985) . Initially, data were analyzed by a general linear model analysis of variance procedure and means were compared using Duncan's least significance multiple-range test (Steel and Torrie, 1980) . All data are expressed as mean ± standard error (SE, n＝4∼5) and differences were considered significant for values of P＜0.05.
Results and Discussion
Experiment 1:
As shown in Fig. 1A , the average final body weight of groups fed crushed and untreated whole-grain rice was significantly lower (P＜0.05) than that of the control group, while that of the dehulled rice-fed group was slightly higher than that of the control group. Average feed intake by chickens in each group (Fig. 1B) varied in a similar manner to the average final body weight, except in the case of the group fed crushed whole-grain rice, where the intake tended to be lower, although the difference was not statistically significant compared to the control group. As expected, the feed conversion ratio (Fig. 1C) did not vary among the treatment groups. These data suggested that the variation in body weight for the different diets was mainly due to the amount of feed intake, i.e. energy intake.
Changes in the weights of the pectoralis superficialis muscle, thigh (including bone), liver and heart (Fig. 2) showed similar tendencies to those seen for feed intake and body weight, implying that the weights of those organs are proportional to body size, which in turn is dictated by feed intake. This result also suggests that the change of body weight with the dietary treatments is due to the cumulative small changes in the weights of those organs. In contrast, the relative weight of abdominal fat was markedly lower in the untreated whole-grain rice-fed group compared with the control group, indicating that untreated whole rice might have a specific effect to decrease body fat levels.
No significant alterations in gizzard weights were observed between treatments, which is in contrast to that reported by Nir et al. (1994) and Svihus et al. (2004) , who showed that feeding of whole-grain rice enhanced gizzard size. This discrepancy may be due to the relatively small size of the chickens in our experiment, in addition to the lowered feed intake.
The weight and yield of the proventriculus was significantly lower for all experimental diet-fed groups compared with the control group. Mateos et al. (2012) demonstrated that proventriculus weight was decreased by an increase in the insoluble fiber content of the diet, which, in general, is indicative of improved functioning of the gastrointestinal tract. Thus, a rice diet may achieve an improved effect over that provided by a corn diet. Figure 3 shows the malondialdehyde (MDA) concentration in the M. pectoralis superficialis and blood plasma of broiler chickens belonging to the various dietary treatment groups. MDA levels in pectoralis superficialis muscles were lowest in the dehulled rice-fed group, while no statistically significant changes were observed in plasma MDA levels among the treatment groups. Given that the MDA content of tissue is indicative of the degree of lipid peroxidation due to overproduction of ROS and/or lowered scavenging activity, the highest average body weight in the dehulled rice-fed group may be a reflection of the decreased level of muscular MDA. Table 2 shows the results of the color characteristics (L*, a* and b* values) of M. pectoralis superficialis, M. iliotibialis lateralis, liver, abdominal fat and sole of foot from chickens fed the different experimental diets. Compared to the control group, b* values of the M. pectoralis superficialis, M. iliotibialis lateralis and sole of foot were significantly decreased in groups fed all forms of paddy rice, although the decrease in b* values of M. pectoralis major in the whole-grain rice-fed group was not significant. On the other hand, no significant differences were observed in L* or a* values among the different groups. These results are in agreement with previously reported results showing that paddy rice in the diet causes a reduction in b* values in broiler fillet and sole of foot (Japan Scientific Feeds Association, 1979 ). This outcome may be due to a decreased level of β-carotene in paddy rice compared to corn (Toyomizu et al., 2001) .
The results of Experiment 1 thus show that the dehulled rice-fed group had better growth performance in comparison to control corn-fed group, and that the crushed and untreated whole-grain rice-fed groups had dramatic decreases in both feed intake and body weight even though the nutrient content of the diet were maintained at required levels for all diets. This finding implies that dehulled rice may contain unknown growth factors, as was previously shown by Mateos et al. (2007) who reported that the use of broken rice as a substitute for corn increases nutrient digestibility and improves performance in piglets.
On the other hand, the result raises an important question: why was growth performance suppressed for the other diets? Fox et al. (1959) identified the metabolic link between growth performance and the level of fat in the diet, reporting that the body weight of chickens fed a 24% fat diet containing 20% glucose as an additional energy source for 4weeks was significantly lower than that of chickens fed a 4% fat diet containing 60% glucose, even though chickens are known to grow well on a high fat and carbohydrate-free diet (Isaacs et al., 1964; Carew et al., 1964) . Therefore, it is conceivable that a dietary fat level of 10% in the diets Nanto et al.: Different Types of Rice and Growth containing crushed and untreated whole-grain rice may have negative effects on performance, possibly combined effects with certain constituents in the hulls of paddy rice.
Experiment 2:
In Experiment 2, the control diet and the two experimental diets containing dehulled and untreated whole-grain paddy rice were formulated to contain a similar level of fat (5.6-6%) and to be iso-nitrogenous (20%), but not iso-caloric. In agreement with the results of Experiment 1, final body weight and ME intake were slightly higher in the dehulled rice-fed group compared with the control group, whereas the untreated whole-grain rice-fed group had a similar body weight and ME intake compared with the control group (Fig.  4) . These results reconfirmed that the dramatic weight loss of animals fed the crushed and untreated whole-grain rice in Experiment 1 could be caused by the high fat content of those diets.
Changes in the weights of the pectoralis superficialis muscle, thigh (including bone) and heart showed similar tendencies to that seen for ME intake and body weight changes (Fig. 5) , again implying that the weights of those organ depend directly on body size, which in turn is determined by ME intake. In addition, the yield of the proventriculus was significantly less in the dehulled and untreated whole-grain rice-fed groups than in the control corn-fed group, which is in accordance with the results of Experiment 1. In contrast to the results of Experiment 1, however, the gizzard weight was significantly increased in the untreated whole-grain rice-fed group compared with the other groups, which is in accordance with the results of Nir et al. (1994) who observed that gizzard weight and gizzard contents increased when the mean particle size of the diet was increased. The development of gizzard weight observed in chicks fed untreated whole-grain rice compared with chicks fed corn was probably due to a greater degree of mechanical stimulation associated with the larger particle size of the untreated whole-grain rice and a reduced level of moisture. Figure 6 shows the MDA concentration of the M. pectoralis superficialis, M. iliotibialis lateralis and plasma from the broiler chickens for the control and experimental diet groups. MDA levels in M. pectoralis superficialis and M. iliotibialis lateralis were lower in the dehulled and untreated whole-grain rice-fed groups than in the control group, whereas there were no changes in plasma MDA levels for the different treatments. It was well-known that rice bran contains tocopherols and tocotrienols, which are powerful freeradical interceptors in the cell membrane (Cabrini et al., 2001) . These anti-oxidant substrates may have been effective in protecting the muscle against oxidative damage produced by free radicals in the whole-grain rice-fed groups.
Compared to the control group, b* values for M. pectoralis superficialis, M. iliotibialis lateralis, abdominal fat, liver and sole of foot were significantly lower in the dehulled and untreated whole-grain rice-fed groups. These results are in agreement with those of Experiment 1, indicating that feeding chicks paddy rice reduced the yellowness of the broiler flesh and sole of foot. Furthermore, the L* and a* values of l sole of foot were significantly higher in both rice fed groups, in addition to which the a* value of abdominal fat was also significantly higher in the dehulled whole-grain rice-fed group compared with the two other groups (Table 3) . A deficiency in the paddy rice of β-carotene, which serves as an efficient free-radical scavenger, may have affected the reduction in yellowness, while no effect of the reduction in MDA concentration was observed.
From this experiment, it was again found that the dehulled rice-fed group had better growth performance than the control, corn-fed group, which is in agreement with previous results (Panigrahi et al., 1992; Jadhao et al., 1999; González-Alvarado et al., 2007) . The fact that dehulled rice has more starch, less fiber and a lower moisture content than corn, and that rice starch has a smaller granule size (3 to 8 μm), lower amylose content, and less nonstarch polysaccharides than corn starch (Tester et al., 2006) , could be related to a better utilization by the chicks of nutrients contained in the dehulled rice compared with those contained in corn. In conJournal of Poultry Science, 49 (4) trast, the whole-grain rice-fed group had comparable growth performance to the control group in Experiment 2 when the level of fat was kept at same level of fat content to control diet, that is, c.a. at around 90% of the control diet on the basis of ME. This result suggests that the interactions between the material content of paddy rice hulls and high levels of dietary fat must affect nutrient utilization and subsequent growth in broiler chickens.
One possible factor underlying the observed results could be due to lipid peroxidation. The MDA levels in the M. pectoralis superficialis was increased in the untreated wholegrain rice-fed group in Experiment 1. Lin et al. (1989) fed broiler chickens a diet containing 5.5% oxidized sunflower oil (peroxide value of 400 mequiv/kg of oil) for 4 weeks and found that the carcass weights of the broilers fed oxidized oil were 7.3% lower than those from a control group, suggesting that the ingested high level of lipid peroxidation might negatively affect growth. This can be supported by our recent result (unpublished data) showing peroxide value (meq/kg fat) of diet containing 47% untreated whole-grain rice and 10.4% soybean oil was 1.3 times higher than that for diet containing 54.6% dehulled rice and 5% soybean oil even when they were kept in refrigerator (4℃). A second factor could be that of a vitamin B 12 deficiency caused by the high fat content of the diet. Fox et al. (1956) indicated that the incorporation of 20% fat into a corn-soybean oil meal diet increased ten-to twenty-fold the vitamin B 12 requirement of non-depleted chicks for optimal growth at 4weeks of age. A third possible factor could be the excess fiber in the diets. Mateos et al. (2012) showed that broilers and laying hens have a requirement for a minimum amount of 2-3% fiber in the diet to optimize litter quality, feed intake, nutrient digestibility and productive performance, while an excess of fiber may have the opposite effects. A diet of rice with intact hulls contains too much fiber for young chickens. In addition, rice hulls are an agricultural residue containing organic materials (carbohydrates, cellulose, etc.) and about 10% silica as an inorganic component. Rice hulls seem to have an inhibitory effect on chicken growth, although the scenario is more complex because the chickens fed wholegrain rice in Experiment 2 showed normal growth. Further study is needed to investigate the nature of interactions between lipid peroxidation, the fiber and fat content of the diet, and rice hull composition, and how these interactions affect growth performance.
In conclusion, whole-grain paddy rice should be considered as a valuable material in broiler chicken feed, although excess fat in the feed to maintain the ME content (3, 100 kcal/g) may have detrimental effects on growth performance. More studies are needed to investigate what materials in Nanto et al.: Different Types of Rice and Growth 
